Abstract: Wheat grain proteins responses to mixing and thermal treatment were investigated using Mixolab-dough analysis systems with flour from two cultivars, Ventura-26 (normal amylose content) and Ventura-19 (reduced amylose content). Size exclusion high performance liquid chromatography (SE-HPLC) and two-dimensional gel electrophoresis (2-DGE) analysis revealed that, stress associated and metabolic proteins largely interacted with dough matrix of Ventura-26 after 26 min (56 ℃); gliadins, avenin-like b proteins, LMW-GSs, and partial globulins showed stronger interactions within the dough matrix of Ventura-26 at 32 min/C3 (80 ℃), thereafter, however, stronger protein interactions were observed within the dough matrix of Ventura-19 at 38 min/C4 (85 ℃) and 43 min (80 ℃). Thirty-seven proteins associated with changes in dough matrix due to reduced amylose content were identified by mass spectrometry and mainly annotated to the chromosome group 1, 4, and 6.
Introduction
Wheat flour is mainly made up of starch, protein and lipids. Starch (about 70%) and protein (about 12%), as the major components in wheat flour (Kasarda, Adalsteins, Lew, Lazo, & Altenbach, 2013) responsible for the rheological properties of dough and in turn determine the quality of end-products. When wheat flour is mixed with water, gluten protein forms the skeleton of dough matrix, where starch granules are considered to act as filler particles.
Starch granules mainly consists of two types of carbohydrate polymers, linear amylose and highly branched structurally complex amylopectin. At room temperature and in sufficient water, they absorb up to 50% of their dry weight of water and swell to a limited extent before heating (Goesaert, Brijs, Veraverbeke, Courtin, Gebruers, & Delcour, 2005) . When starch is heated in water at a temperature higher than its gelatinization temperature, swollen and distorted starch granules lose their birefringence and undergo irreversible changes. During gelatinization, the dough matrix is subject to experience a number of molecular interactions.
Starch, protein, water, lipids and other ingredients competitively interact with each other altering the dough matrix properties (Chinachoti, Kim-Shin, Mari, & Lo, 1991; Hadnađev, Dokić, Hadnađev, Pojić, & Torbica, 2014) . It has been reported that protein-starch interactions are driven by the attraction of opposite changes between these macromolecules (Takeuchi, 1969) , because, with higher amounts of protein in a protein/starch mixture there was an increase in the onset and peak temperatures and decrease in the delta H for the starch (Mohamed & Rayas-Duarte, 2003) .
Adsorption of protein on the starch granules by non-ionic forces can also occur (Eliasson & Tjerneld, 1990) . Heat-treatment and surface modification of the starch granules by protein or lecithin adsorption alter dough rheological properties for dough rheological behavior (Larsson and Eliasson 1997) . The protein called friabilin, located at the surface of starch granules, appears to mediate the interaction of the starch with the gluten proteins of the seed 3 (Greenwell & Schofield, 1986) . Gelatinization would promote more hydrogen bonding between starch and gluten (Dreese, Faubion, & Hoseney, 1988) . It is well known that gluten is rich in glutamine and hydrogen bonding would take place between the amino group of the glutamine and the second or the third hydroxyl of the glucose molecules of the starch (Bertolini, 2009) . The second and third hydroxyl groups of the glucose unit have higher probabilities of forming hydrogen bonding due to the open area around them, unlike the other free hydroxyl group (Mohamed & Rayas-Duarte, 2003) . Binding of wheat protein to starch was diminished by reduction of disulfide bonds but not by sulfhydryl group blocking agents (Dahle, Montgomery, & Brusco, 1975) , which suggested that disulfide bonding was also involved into the protein-starch interaction.
Mixing increased the onset and the peak temperatures of the starch gelatinization and decreased the enthalpy when flour and starch were mixed in different ratios with water. (Mohamed & Rayas-Duarte, 2003; Spies & Hoseney, 1982) . Higher amounts of protein in the blend increased the onset and peak temperatures of the starch gelatinization. The types and amount of added gluten had considerable influence on the starch pasting properties when wheat starch was mixed with five different additions of three kinds of gluten (strong-, medium-, and weak-gluten). Significant downtrends of peak viscosity, trough viscosity, final viscosity, area of viscosity, setback, and peak time were found with increase in addition of gluten as the protein composition changed from weak-, medium-, to strong-gluten (Chen, Deng, Peng, Tian, & Xie, 2010) .
Wheat varieties with starches containing increased amylose content displayed decreasing peak, breakdown and final viscosities and the existence of a threshold value in amylose content has been proposed, above which final viscosity of starch paste does not change with increasing amylose content (Blazek & Copeland, 2008) .
Isolated starch from waxy wheat lines have been investigated for the pasting properties. Peak 4 gelatinisation temperature and gelatinisation enthalpy for waxy starch are significantly higher than for non-waxy starch, but the gelatinisation enthalpy for the amylopectin fraction of waxy starch is nearly identical to that of non-waxy starch (Yasui, Matsuki, Sasaki, & Yamamori, 1996) .
The objectives of this study were to show the dynamic interaction between proteins and starch under the continuous mixing and heating treatment produced by Mixolab. It is also intended to clarify the specific proteins that are involved in the different stages of dough processing.
Material and methods

Materials
Flour of Australia wheat cultivar Ventura-26 (70.1% starch; 26% amylose and 8.03% protein) and its mutation line, Ventura-19 (69.9% starch; 19% amylose and 8.88% protein) were used in this investigation. Mutation line Ventura-19 with the modified amylose content was generated within the pre-breeding program of the University of Sydney, NSW, Australia. The generation a Ventura line of wheat carrying waxy starch instead of normal starch involved a mutagenesis treatment of Ventura as described in Dong et al (2009) . Ventura contains expressed alleles of Wx-A1 and Wx-D1, but the allele Wx-B1 on chromosome 4A is null in about 50% of the population used in the study by Dong et al (2009) . Following mutagenesis, inactivated Wx-A1 and Wx-D1 were screened using standard technologies and then intercrossed after growing the lines to M3. The F2 seed from the cross was screened for the waxy (triple null) genotype and one such line (Ventura-19) was grown in the field to increase seed for large-scale milling and provide the white flour used in the present experiments.
The dough mixing was carried out on a Chopin Mixolab, using AACC method 54-6001 at the Department of Agriculture and Food Western Australia. Triplicate dough samples were 5 collected from five time points of Mixolab operation: 4.3 min or C1 (30 ℃, maximum torque to development time), 26 min/C2 (56 ℃, dough weakening minimum), 32 min/C3 (80 ℃, thermal pasting peak), 38 min/C4 (85 ℃, peak of dough temperature), 43 min (80 ℃, temperature returned to the same level of C3) (Fig. 1 ). Samples were frozen in liquid nitrogen, freeze-dried and finely ground using a mortar and pestle. Flour samples were used as a control.
SE-HPLC
To determine the amount of glutenin, gliadin and albumin/globulin, SE-HPLC was carried out (Rakszegi, Bekes, Lang, Tamas, Shewry, & Bedő, 2005 ) using ten milligram flour or Mixolab-dough powder. A sequential protein extraction procedure was followed that included an initial extraction by 0.5% (v/v) SDS-phosphate buffer (pH 6.9), then the remaining insoluble protein fraction was re-suspended in the same buffer by sonication for 15s. After Glutenin content (%) = 100* (P1s+P1i)/( P1s+ P2s+ P3s +P1i+ P2i+ P3i) Gliadin content (%) = 100* (P2s+P2i)/( P1s+ P2s+ P3s +P1i+ P2i+ P3i) Albumin/globulin content (%) = 100* (P3s+P3i)/( P1s+ P2s+ P3s +P1i+ P2i+ P3i) 6 UPP content (%) = 100* P1i/(P1i+P1s) UG content (%) = 100* P2i/(P2i+P2s) UAlb/Glob content (%) = 100* P3i/(P3i+P3s)
2-DGE
Protein fractions of flour or Mixolab-dough samples were analyzed by 2-DGE (Islam, Ma, Yan, Gao, & Appels, 2011) . Albumin and globulin were extracted with 0.5 M NaCl (pH 7.0) at 100mg/mL under non-reducing and non-denaturing conditions. The suspension was stirred at 4 ℃ for 5 h, and insoluble materials removed by centrifugation at 12000 g for 20 min.
Non-gluten proteins (albumin and globulin) in the supernatant were precipitated by incubation with 4 volumes of ice-cold acetone at -20 ℃ for 14 h, and recovered by centrifugation. Finally, the protein pellet was washed with 10% ethanol and then with acetone containing β-mercaptoethanol (0.07%) to remove remaining salts.
Gluten proteins were extracted from the residue left after non-gluten proteins' extraction using buffer SD (0.3% SDS + 15 mM DTT), with medium dissociation. Imaging System, "Image lab 5.0" (Bio-Rad). The digital gel maps of different samples were analyzed and compared using PD Quest software (Bio-Rad).
Protein identification by MS/MS
Protein spots with different expression patterns were manually excised from gels and analysed further by mass spectrometric peptide sequencing. The spots were analyzed by Proteomics International Ltd. Pty, Perth, Australia. Protein samples were trypsin digested and the resulting peptides were extracted according to standard techniques. Tryptic peptides were loaded onto a C18 PepMap100, 3 µl (LC Packings) and separated with a linear gradient of water/acetonitrile/0.1% formic acid (v/v), using an Ultimate 3000 nano HPLC system. The HPLC system was coupled to a 4000Q TRAP mass spectrometer (Applied Biosystems).
Spectra were analyzed to identify the proteins of interest using Mascot sequence matching software (Matrix Science) with taxonomy set to Viridiplantae (Green Plants). All searches used the Ludwig NR. The software was set to allow 1 missed cleavage, a mass tolerance of ±1.2 Da for peptides and ± 0.6 for fragment ions. The peptide charges were set at 1+, 2+ and 3+, and the significance threshold at P < 0.05. Generally, a match was accepted where two or more peptides from the same protein were present in a protein entry in the Viridiplantae database is listed in the supplementary Table 1. 8
Statistical analysis
All the investigations were performed in triplicate. The analysis of protein extraction variation at different stages of dough development was performed using Student's T-test to compare protein abundance means at P<0.05 by PD Quest software (Bio-Rad).
Results
Overall profiles of Ventura-26 and Ventura-19
Bread wheat cultivar Ventura-26 and the "waxy" mutation line Ventura-19 have different starch/protein composition. Ventura-26 has 26% amylose and 8.03% protein, which provides for an amylose/amylopectin ratios of 0.35. On the other hand, Ventura-19 has 19% amylose and 8.88% protein, calculating the amylose/amylopectin ratios of 0.23. In order to determine the variation on protein components between Ventura-26 and Ventura-19, proteins extracted from flour of the two cultivars were compared by 2-DGE with two different extraction buffers: 0.5 M NaCl and SD. The profiles of the two cultivars showed high similarity with only a few differential proteins (supplementary Table 2 ). In the case of 0.5 M NaCl extractable proteins, two proteins without significant match in the available protein database, were extracted only from Ventura-26. In contrast, histone H2B and alpha-amylase/trypsin inhibitor CM3 were only extracted from Ventura-19 (Fig. 4 A) . In terms of SD extractable proteins, more individual proteins were identified in Ventura-26 compared to Ventura-19. For example, aspartic proteinase oryzasin-1, gamma-gliadin, avenin-like b10 and alpha-gliadin were only isolated from Ventura-26 although a avenin-like b7 was identified only in Ventura-
(Fig. 4 B).
The Mixolab curves ( Fig. 1) showed that Ventura-26 and Ventura-19 represent similar mixing 9 properties until the start of starch pasting (before 26 min) although Ventura-19 showed significantly stronger dough initially. Consistent with this observation, SE-HPLC results ( Fig.   2 and Fig. 3 ) reflected that the total protein of Ventura-19 was higher than Ventura-26. No significant differences were detected via 2-DGE until starch pasting (before 26 min).
However, during starch pasting (after 26 min) dough strength was largely different in the two cultivars as shown by the Mixolab profile (Fig. 1) . The dough from Ventura-26 was much stronger compared to Ventura-19. Differences in protein extractability were also observed during starch pasting as revealed by SE-HPLC analysis. Extractability of glutenin, gliadin and albumin/globulin dropped after 26 min mainly due to their increased interaction with the dough matrix after starch pasting. Furthermore, 2-DGE analyses revealed a number of proteins with different level of extractability in Ventura-26 and Ventura-19 after 26 min.
Protein responses on processing
Changes of glutenin proteins
A large increase in glutenin protein extractability at 4.3 min was observed corresponding to that of 0 min (flour) in both the cultivars. Increase in Ventura-26 was 15.1%, comparing with 27.0% increase in Ventura-19. There was no significant difference in extractability between 4.3 min and 26 min in both the cultivars (Fig. 2) . The relative amounts of glutenin also remained mostly stable (about 40%) before 26 min. Within the glutenin protein fractions, the ratio of unextractable proportions (soluble only after sonication) of gluten polymers (UPP %) decreased by 24.2 % (from 51% to 26.8%) and 22.1% (from 55.0% to 32.9%) between 0 min and 4.3 min in Ventura-26 and Ventura-19, respectively. At 26 min, the UPP rebounded to 40.7% and 46.0% in Ventura-26 and Ventura-19, respectively (Fig. 3) .
The extractability of glutenin decreased sharply after 26 min in both the cultivars (Fig. 2) although it increased continuously in Ventura-26 after 32 min until 68.5% at 43 min.
Changes in gliadins
The extractability of gliadins increased by 5.5% in Ventura-19 and decreased by 4.1% in Ventura-26 between 0 min and 4.3 min and remained stable until 26min (Fig. 2) ; the relative amounts of gliadins in Ventura-26 and Ventura-19 remained around 44% between 0 min and 26 min. The ratio of unextractable proportions (soluble after sonication only) of gliadins (UG %) showed similar trend in both the cultivars until 26 min but Ventura-26 showed larger decrease of 6.0% compared to 3.9% in Ventura-19 (Fig. 3) .
Between 26 min and 32 min, a slight increase in Ventura-26 and a minor decrease in Ventura-19 made the extractability of gliadins equal in the two cultivars at 32 min (Fig. 2) . Thereafter, between 32 min and 43Ventura-26 showed 2.1% higher decrease than Ventura-19 in gliadins extractability between 32 and 43 mins of mixolab run. The relative amounts of gliadins were recorded as 43.3% at 26 min and 61.0% at 43 min in both Ventura-26 and Ventura-19.
Significant differences of the UG% were detected after 26 min between the two cultivars. It increased continuously from 10.4% (26 min) to 21.4% (43 min) in Ventura-26 but for Ventura-19 increased from 12.8% to 15.0% between 26 min and 32 min, and then fell to 13.2 % at 38 min although rebounded to 17.8% at 43 min (Fig. 3) .
Changes in albumins and globulins 11
As shown in Fig 2, the extractability of albumin/globulin increased by 19.7% and 37.4% in Ventura-26 and Ventura-19 respectively between 0 min and 4.3 min. Thereafter, no significant differences were observed between the two cultivars, the extractability remained stable in both cultivars until 26 min. Ventura-26 and Ventura-19 showed similar trends about the relative amount of albumin/globulin (Fig. 3) . Between 0 min and 4.3 min, the relative amount of albumin/globulin increased by 2.9% and 2.8% in Ventura-26 and Ventura-19, respectively.
Thereafter, the relative amount remained stable at around 15.0% and 14.0% in Ventura-26
and Ventura-19, respectively until 26 min. Significant differences were observed between Ventura-26 and Ventura-19 in unextractable proportions (soluble after sonication only) of albumin/globulin (UAlb/Glob %). In the case of Ventura-26, UAlb/Glob % decreased sharply from 4.8% (0 min) to 2.9% (4.3 min) at the first 4.3 min, and then the relative amount remained stable until 26 min. However, in the case of Ventura-19 the relative amount of UAlb/Glob was 3.0% at 0 min, and then decreased gradually until 26 min (2.0%).
Changes of the extractability of albumin/ globulin were observed after 26 min in Ventura-26
and Ventura-19. The extractability decreased by 27% in both cultivars between 26 min and 43 min (Fig. 2) . The relative amount of albumin/globulin had similar trends in the two cultivars (Fig. 3) . It decreased by 1.5% in both the cultivars between 26 min and 32 min, thereafter, increased continuously to 16.9% and 16.1% at 43 min in Ventura-26 and Ventura-19, respectively. Significant differences were observed between Ventura-26 and Ventura-19 in UAlb/Glob %. For Ventura-26, the relative amount increased from 2.8% to 5.7% between 26 min and 32 min, and then fell to 4.4% at 43 min. In the case of Ventura-19, the relative amount increased from 4.0% to 5.1% between 26 min and 32 min, and then remained stable until 38 min before dropping to 4.6% at 43min.
Identification of specific proteins within the dough matrix
Mixolab profile demonstrated significant differences between Ventura-26 and (Fig. 5C ). Moreover, higher extraction of Serpin-N3.5, Serpin-Z1C and Serpin-Z7 were observed from Ventura-26 than Ventura-19. After starching pasting, at C4/38 min (85 ℃), the quantities of the soluble low molecular weight glutenin subunits (LMW-GSs), alpha-gliadins, gamma-gliadins, avenin-3, superoxide dismutase, embryogenesis abundant protein group 3 (LEA-3) and some uncharacterized proteins were higher in Ventura-26 than Ventura-19 (Fig. 5D) . However, thereafter, as shown in Fig. 5E , most globulin 1, globulin 3A, few of gamma-gliadins, aveninlike b and some metabolic proteins reflected much higher extractability in Ventura-19 compared to Ventura-26 at 43 min (80 ℃). The average quantities of the 0.5 M NaCl extractable specific proteins in the two cultivars at C2/ 26min (56 ℃), C4/ 38 min (85 ℃) and 43 min (80 ℃) were listed in supplementary Table 3 .
Differential proteins as extracted by SD
More differential expressed dough proteins between Ventura-26 and Ventura-19 were identified by buffer SD after starch pasting. At C2/26 min (56 ℃) (Fig. 6 ), more high molecular weight glutenin subunits (HMW-GSs), low molecular weight glutenin subunits (LMW-GSs), alpha-gliadins, gamma-gliadins, omega-gliadin, avenin-like proteins and some 13 metabolic proteins were separated from the dough matrix of Ventura-26 than Ventura-19, only aspartic proteinase oryzasin-1, and some gamma-gliadins showed increased extractability in Ventura-19. The abundances of these differential expressed proteins between two cultivars are listed in supplementary Table 4. C3/32 min (80 ℃) was the critical time point for the protein extractability, since it was accompanied by increasing temperature, over mixing and starch pasting. At this time point protein extractability changed and different protein patterns between the two cultivars were observed (Fig. 6F) . Specifically, apha-gliadins, avenin-like b, serpins, aspartic proteinase oryzasin-1 and some metabolic proteins were only extracted from Ventura-19 at C3/32 min (80 ℃). Likewise, more proteins, including HMW-GSs, LMW-GSs (the unmatched spots 146, 148 were predicted to be LMW-GSs according to their mass and PI value), dimeric alpha-amylase inhibitor, grain softness protein, serpins and aspartic proteinase oryzasin-1 showed higher solubility in Ventura-19 than Ventura-26 at C4/38 min (85 ℃). In contrast, only few apha-gliadins, avenin-like b2, trypsin inhibitor CM3 and enolase-like proteins isolated from Ventura-26 reflected higher abundant than Ventura-19. The details of these specific proteins can be found in supplementary Table 4 .
At 43 min (80 ℃) (Fig. 6 ), comparing C3/32 min (80 ℃) and C4/38 min (85 ℃), more proteins, such as alpha-gliadins, avenin-like b proteins, trypsin inhibitor CM3, globulin 1, globulin 3A and some metabolic proteins, with higher abundant were identified in Ventura-26 than Ventura-19. On the other hand, LMW-GSs, gamma-gliadin, gliadin/avenin-like seed proteins, superoxide dismutase and some metabolic proteins reflected higher extractability in Ventura-19 than Ventura-26 (supplementary Table 4 ).
Discussion
Waxy starch has a significantly modified overall structure and in the formation of flour and 14 we have considered starch-protein interactions significant in the formation of dough (Wang et. al. 2017) . In order to study the influence of starch structure, we examined the dough formation process and the associated protein movements in normal Ventura (Ventura-26) wheat variety and a waxy starch Ventura line (Ventura-19). Ventura-26 and Ventura-19
showed similar protein profiles of flour as identified by 2-DGE (Fig. 4 ). There were a few gliadins and avenin-like protein that were found only in Ventura-26 flour (supplementary Table 2 ). The changes in extractability of the proteins (supplementary Table 1 ) showed their dynamic responses within the continuous mixing and heating treatment (supplementary Fig. 1 and supplementary Fig. 2 ) and it was expected that the specific proteins of the two cultivars would contribute to the variation on Mixolab-dough rheological properties. In fact, many of the Mixolab-dough proteins shared in the two cultivars responded differently to mixing and heating treatment (supplementary Table 3 , 4) and it is proposed that these differentially 
Dough protein behaviors before starch pasting
The proportionate changes of different protein fractions, like albumins/globulins, gliadins and glutenins, were identified by SE-HPLC firstly. Two-DGE analysis was further applied for a high resolution characterization of the specific protein expression through the dough development. At C2/26 min (56 ℃), after over mixing, the starch granules start swelling with the increasing temperature. SE-HPLC profiles showed that more glutenins, gliadins and albumins/globulins were extracted from the dough of Ventura-26 than Ventura-19, which was also reflected by the higher unextractable proportions of gluten proteins (UPP%), gliadins (UGli) and albumins/globulins (UAlb/Glo%) in Ventura-26. The specific proteins belonging 15 to the three fractions were further isolated and identified by 2-DGE. Specifically, a group of serpins and one spot identified as phosphoglycerate kinase were only extracted from Ventura-26 at C2/26 min (56 ℃) by 0.5 M NaCl; HMW-GSs, LMW-GSs and avenin-like proteins from Ventura-26 showed higher solubility in SD; alpha/beta gliadins were more readily separated from the dough matrix of Ventura-26, while gamma gliadin subunits behaved differentially between Ventura-26 and Ventura-19.
The variations in the Mixolab curve (Fig. 1 ) before dough pasting can be explained by the afore-mentioned protein amounts and extractabilities in Ventura-26 and Ventura-19. In addition, the serpins only separated from Ventura-26 are proposed to enforce the conformation of dough and thus contribute to the higher torque in Ventura-19 than Ventura-26.
It has been reported that the reactive center loop of several serpins from wheat grain and rye contain poly-Q repeat sequences similar to those present in the prolamin storage proteins of the endosperm (Hejgaard, 2001; Østergaard, Rasmussen, Roberts, & Hejgaard, 2000) , and it has been suggested that plant serpins may function to inhibit proteases from insects or microbes that would otherwise digest grain storage proteins. Disease-causing mutations in serpins have been suggested to promote the formation of misfolded polymers due to their inherently unstable structures (Gooptu, Hazes, Chang, Dafforn, Carrell, Read, et al., 2000) .
As such, the serpins in Ventura-19, which more readily aggregated within the matrix than Ventura-26, could be argued to contribute to stronger dough strength in Ventura 19 relative to Ventura-26.
Protein content in flour usually shows positive effects on wheat dough strength (Crosbie, 1991; Zhang, Nagamine, He, Ge, Yoshida, & Pena, 2005) . Therefore, the slightly stronger dough of Ventura-19 could also be attributed partly to its higher protein content than Ventura-26. Furthermore, more HMW-GSs, LMW-GSs, alpha-gliadins, which are the main components forming the UPP in dough matrix (Gupta, Khan, & Macritchie, 1993) , were 16 separated from Ventura-26, consistent with the weaker dough relative to Ventura-19 as reflected by the Mixolab curve.
Dough protein behaviors during starch swelling and pasting
As shown in Fig. 1 , the peak viscosity (32 min) of Ventura-26 was much higher than Ventura-19. In contrast, previous studies had found that waxy wheat was characterized by higher peak viscosity compared to the starch with normal amylose content (Blazek & Copeland, 2008; Hung, Maeda, & Morita, 2007) . The interpretation for the difference could be that the starch pasting property was measured by RVA or Viscoamylograph in previous studies, where starch gelatinized immediately after short mixing, whereas starch granules in Mixolab-dough gelatinized after a long time of mixing (16 min), where the developed gluten in dough matrix would be prone to reducing the peak viscosity (Jekle, Mühlberger, & Becker, 2016) . This prediction was consistent with the differences in peak viscosity between Ventura-26 and Ventura-19. As mentioned above, more gluten proteins and serpins were isolated from Ventura-26 than Ventura-19 at C2/26 min (56 ℃), indicating weaker gluten network (smaller mixing torque) was formed in the dough matrix of Ventura-26. In terms of Ventura-19, after over-mixing and heating, the formed gluten network was weakened slightly at C3/32 min (80 ℃), additional alpha-gligdins, avenine-like b proteins, serpins and metabolic proteins were isolated from the dough matrix. The protein behavior comparison of Ventura-26 and Ventura-19 reflected that the developed gluten in Ventura-19 was more stable under mixing and thermal treatment. Between C2/26 min (56 ℃) and C3/32 min (80 ℃), water was held more strongly in the gluten network of Ventura-19 than Ventura-26, interfering the water migration from gluten to starch and retarding the starch gelatinization (Jekle, Mühlberger, & Becker, 2016) . Conversely, more water was absorbed to the starch granules of Ventura-26 at this stage due to its weaker gluten network as indicated by the smaller mixing torque, thus the 17 gelatinizing starch molecules can escape more readily from Ventura-26 granules, resulting in much higher peak viscosity compared to Ventura-19.
The additional proteins separated from the dough of Ventura-19 at C3/32 min (80 ℃) by buffer SD indicated that the protein-protein and protein-starch interactions were modified after continuous mixing and heating. Among these differential expressed proteins, avenin-like b proteins were found to be integrated into the gluten network by inter-chain disulphide bonds, which had positive effect on dough strength (Chen, Cao, Zhang, Islam, Zhang, Yang, et al., 2016; Ma, Li, Li, Liu, Liu, Li, et al., 2013) . Their higher solubility in SD from Ventura-19 reflected weakling bonding with glutenin although delayed comparing with Ventura-26.
On the other hand, it has been found that amylopectin does not appear to interact with any proteins compared to amylose (Guerrieri, Eynard, Lavelli, & Cerletti, 1997) , therefore, the higher extractability of avenin-like b proteins could also imply their reduced remaining interaction with the amylose remaining in Ventura-19. Alpha-gliadins, as the monomeric proteins in dough matrix, usually have negative effect on dough strength. The mixing and thermal treatment at C3/32 min (80 ℃ ) can be argued to reduce their interaction with glutenin, while increasing their interactive capacity with amylose. Therefore, additional alpha-gliadins were separated from the dough of Ventura-19, but not from Ventura-26. It is notable that additional serpins, which readily extracted from dough of Ventura-26 by 0.5 M NaCl at C2/26 min (56 ℃) (Fig. 5C , supplementary Table 3 ), were only separated from Ventura-19 by buffer SD at C3/32 min (80 ℃). The difference implied that serpins existed in Ventura-26 as monomeric proteins at C2/26 min (56 ℃ ), whereas in Ventura-19, they interacted with other proteins even pasting starch via disulphide bonding and/or hydrophobicity to form polymers in dough matrix.
Dough protein behaviors at minimum viscosity and 43 min
18
After gelatinization, the minimum viscosity was observed at C4/38 min (85 ℃). Starch of Ventura-19 showed a larger breakdown (torque gap between 32 min and 38 min) than Ventura-26. Higher percentage of unextractable glutenin (UPP%) and unextractable gliadins (UGli%) (Fig. 3) were identified by SE-HPLC in the dough of Ventura-26 consistent with its stronger dough strength relative to Ventura-19.
At C4/38 min (85 ℃), more 0.5 M NaCl soluble proteins, including LMW-GSs, avenin-like b, alpha-gliadin, gamma-gliadin, SOD and LEA3 were liberated from the dough of Ventura-26
than Ventura-19. However, with respect to the specific proteins extracted by SD, Ventura-19
showed higher extractability for LMW-GS, GSP-1, diametric alpha-amylase inhibitor, Histone H2B, SOD, aspartic proteinase oryzasin-1, and serpins although alpha/beta-gliadin, avenin-like b2, alpha-amylase/trypsin inhibitor CM3 and enolase-like proteins were separated from Ventura-26 with higher abundance (Fig. 6 ). Different protein behaviors of the two cultivars can be ascribed to differential interaction patterns between proteins and pasting starch differ in amylose/amylopectin ratio. Alpha/beta-gliadins, avenin-like b proteins and some LMW-GSs were prone to form stronger hydrogen bonding with pasting starch possessing higher amylose percent (Ventura-26) at peak viscosity (C3/32 min (80 ℃ ), thereafter, however, this binding was weaken at C4/38 min (85 ℃) after the collapse of starch granule on heating and over-mixing, leading to the release of these proteins; in contrast, their binding strength with starch in lower amylose percent (Ventura-19) was much stronger at C4/38 min (85 ℃) compared to C3/32 min (80 ℃), resulting in a lower extractability. In terms of the remaining specific non-gluten proteins, such as GSP-1, diametric alpha-amylase inhibitor, Histone H2B, SOD, aspartic proteinase oryzasin-1, and serpins at C4/38 min (85 ℃), higher extractability was observed in Ventura-19 mainly due to their weak interaction with starch with lower amylose percent. These proteins had been identified as surface 19 associated proteins of wheat starch granules (Kasarda, Dupont, Vensel, Altenbach, Lopez, Tanaka, et al., 2008) . We propose that these proteins are prone to mediate the protein-starch or protein-protein interaction during dough mixing and heating (Guerrieri, Eynard, Lavelli, & Cerletti, 1997) . Their interactions with amylose have been reported to be more stable than amylopectin, thus more susceptible to release from the dough of Ventura-19.
The overall behaviors of proteins in Ventura-26 and Ventura-19 at 43 min (80 ℃) were similar to the pattern at C4/38 min (85 ℃). The amylose molecules would be expected to aggregate together via hydrophobicity (Olkku & Rha, 1978) , thus more proteins, including alpha-gliadins, avenin-like b proteins, globulins, triticin, which interacted with amylose via hydrogen binding were separated from the dough of Ventura-26 by SD. On the other hand, additional wheat starch surface associated proteins, such as dimeric alpha-amylase inhibitor, elongation factor 1-alpha, GSP-1, LMW-m glutenin subunit, probable disease resistance protein RXW24L-like protein, superoxide dismutase and aspartic proteinase oryzasin-1 were liberated from the dough of Ventura-19 due to their weak interaction with amylopectin. In addition, a set of globulin 1 proteins were extracted from Ventura-19 with 0.5 M NaCl, while, as described above, few globulins were only separated from Ventura-26 using SD, indicating the globulin proteins existed in Ventura-19 at 43 min (80 ℃) as monomeric proteins, whereas in Ventura-26 they were entrapped in the dough matrix.
Wheat starch granule associated proteins involved into the protein-starch interaction
Wheat starch granule associated proteins are generally consisted of two distinct types. One is intrinsic proteins are almost involved into the starch synthesis. The other type is storage proteins, such as gluten and gliadin proteins, which strongly absorbed on the granule surface due to the organelle breakdown during wheat maturation or starch isolation process (Baldwin, 20 2001; Kasarda, et al., 2008) . More than 150 proteins were identified from wheat starch, which greatly expanded the range of starch granule associated proteins (Kasarda, et al., 2008) .
In our study, the majority of differential expressed proteins between Ventura-26 and Ventura-19 after starch pasting (describe above) overlapped with the identified starch granules associated proteins, which indicated that these proteins are directly or indirectly involved into the protein-starch interactions during dough development and contributed to the variation of dough rheological properties.
As discussed above, during the dough process, the starch granules collapsed on heating and over-mixing at the peak viscosity. However, the leaking amylose molecules aggregated together via hydrophobicity (Olkku & Rha, 1978) at the later stage. All these changes are derived from the interchange of hydrophobicity, hydrogen bonding and disulphide bonding in the dough matrix, which involve different proteins associated with the starch granule surface at different stages during starch pasting (Guerrieri, Eynard, Lavelli, & Cerletti, 1997) .
The classification and genetics of specific proteins
Thirty seven proteins differentially extracted between Ventura-26 and Ventura-19 were identified in this study. The majority of them belong to storage protein or proteins associated with protecting the grain from biotic and abiotic stresses. Storage protein included glutenin (HMW-GSs, LMW-GSs), gliadin, and avenin-like proteins, while globulin 1 and globulin 3A
belonging to non-gluten proteins were also identified. Stress associated proteins contained alpha-amylase/trypsin inhibitor CM3, dimeric alpha-amylase inhibitor, serpin, peroxidase, superoxide dismutase, RXW24L-like histone H2B and embryogenesis abundant protein 3. 
Conclusion
Variation in starch composition (amylose/amylopectin ratio) between bread wheat cultivar Ventura-26 and its mutation line Ventura-19 (0.35 and 0.23 respectively) altered the protein behavior in the matrix during dough processing. SE-HPLC and 2-DGE based proteomic analysis indicated that, more gluten proteins and a few albumin/globulin, can be separated from Ventura-26 than Ventura-19 before starch pasting (C2/26 min; 56 ℃). However, stress associated and metabolic proteins were prone to interact with dough matrix with higher amylose content after starch pasting. On the other hand, Gliadins, avenin-like b proteins, LMW-GSs, and part of globulins showed stronger interactions within the dough matrix with higher amylose content at 32 min/C3 (80 ℃). Thirty seven proteins associated with proteinstarch interaction have been identified and are mainly assigned to chromosome group 1, 4, and 6. 
